Pain can involuntarily capture attention and disrupt pain-unrelated cognitive activities. The brain mechanisms of these effects were explored by laser-and visualevoked potentials. Consecutive nociceptive laser stimuli and visual stimuli were delivered in pairs. Subjects were instructed to ignore nociceptive stimuli while performing a task on visual targets. Because involuntary attention is particularly sensitive to novelty, in some trials (17%), unexpected laser stimuli were delivered on a different hand area (location-deviant) relative to the more frequent standard laser stimuli. Compared with frequent standard laser stimuli, deviant stimuli enhanced all nociceptive-evoked brain potentials (laser N1, N2, P2a, P2b). Deviant laser stimuli also decreased the amplitude of late latency-evoked responses (visual N2-P3) to the subsequent visual targets and delayed reaction times to them. The data confirm that nociceptive processing competes with pain-unrelated cognitive activities for attentional resources and that concomitant nociceptive events affect behavior by depressing attention allocation to ongoing cognitive processing. The laser-evoked potential magnitude reflected the engagement of attention to the novel nociceptive stimuli. We conclude that the laser-evoked potentials index the activity of a neural system involved in the detection of novel salient stimuli in order to focus attention and prioritize action to potentially damaging dangers.
I N T R O D U C T I O N
Pain is a common unpleasant experience involving sensory, emotional, and cognitive aspects. In normal conditions, pain results from coding, transporting, and transforming nociceptive stimulation into a conscious perception (Albe-Fessard 1996) and represents a necessary adaptive signal that alerts the individual of potential body damage and allows him to react to it. There is no doubt that the relationship between the intensity of the stimuli and pain is not linear and is modulated by a wide range of phenomena. Among the modulators, manipulation of attention is steadily gaining interest (Van Damme et al. 2009) . Empirical work has shown that focusing attention away from nociceptive stimuli results in a dampening of pain associated with modifications of nociceptive processing in the brain (Bushnell et al. 1985 (Bushnell et al. , 1999 Legrain et al. 2002; Miron et al. 1989; Nakamura et al. 2002; Ohara et al. 2004; Petrovic et al. 2000; Seminowicz and Davis 2007a; Spence et al. 2002) . However, in turn, pain can attract attention automatically and unintentionally. Subjects, even trying to discard attention from pain by focusing it on other cognitive activities, often cannot avoid pain to capture attention to its own benefit and to disrupt cognitive activities (Eccleston and Crombez 1999; Legrain et al. 2009; Van Damme et al. 2009 ).
This apparent contradiction can be explained by dissociating two main categories of controls over selective attention: top-down and bottom-up controls (Legrain et al. 2009 ). Top-down selective attention is a goal-directed operation allowing selectively processing information that is relevant to current cognitive goal priorities (Broadbent 1958; Corbetta and Shulman 2002; Hillyard et al. 1998; Posner and Cohen 1984; Yantis 2008) . Bottom-up selective attention, often called involuntary orientation of attention, corresponds to stimulus-driven transient shift of attention to events that are not relevant for current cognitive-behavioral goals but that are salient enough and potentially pertinent to trigger attentional shift and to change eventually cognitive priorities (Escera and Corral 2007; Simons 2000; Sokolov and Vinogradova 1975; Yantis 2008) . Because of its threatening nature and its adaptive value, pain is able to disrupt cognitive activities and to impose its own overriding processing priorities. Whereas top-down attentional effects on nociceptive processing and pain were more extensively explored (see above), mechanisms of bottom-up involuntary attentional capture by pain are less understood (Legrain 2008) .
A first set of experiments studied involuntary attentional capture by pain by means of behavioral distraction (Eccleston and Crombez 1999) . Behavioral distraction represents decreases of performance on task-relevant information produced by any additional task-irrelevant (or instructed as well) stimulus (Simons 2000) . According to theories on attentional resources, the human cognitive system has a limited set of resources that determine the quality, the efficiency, or the deepness of cognitive processing (Kahneman 1973) . When two simultaneous inputs compete for resources and when processing demands exceed available resources amount, resources cannot be equally shared and processing is impaired (Pashler 1994) . Therefore the transient capture of attention by taskirrelevant information reduces resource allocation to the primary task and affects the performance (Theeuwes 1994; Yantis and Hillstrom 1994; Yantis and Jonides 1990 ; see Ruz and Lupiáñez 2002) . Concerning pain, it was observed that subject's reaction times to auditory targets were slower when task-irrelevant nociceptive stimuli were occasionally and simultaneously presented with the task-relevant sounds, especially when nociceptive stimuli were unfrequent and intense and when their onset was sharp and unpredicted (Crombez et al. 1994 (Crombez et al. , 1996 (Crombez et al. , 1997 (Crombez et al. , 1998a Vancleef and Peters 2006b) .
More recently, studies have addressed brain mechanisms of involuntary attentional capture by pain with the nociceptive laser-evoked potentials (LEPs) that represent scalp-recorded timelocked EEG responses to specific and selective activation of nociceptive pathways by radiant heat stimuli delivered by lasers (see Plaghki and Mouraux 2005) . It was observed that amplitude of the laser-evoked P2 component was enhanced by rarely presented deviant laser stimuli (Legrain et al. 2002) . This P2 enhancement was assumed to be the nociceptive correlate of the P3a wave, which is known to index brain processes related to novelty processing and stimulus-driven shift of attention (Escera and Corral 2007; Friedman et al. 2001) . P3a is classically observed in the oddball paradigm in response to sudden and occasional auditory or visual novel stimuli, even when these stimuli are not relevant for the ongoing task (Chong et al. 2008; Courchesne et al. 1975; Escera et al. 1998; Jeon and Polich 2001; Näätänen et al. 1982; Schröger and Wolff 1998; Squires et al. 1975; Woods 1992) . Its amplitude is particularly sensitive to bottom-up factors contributing to stimulus salience Katayama and Polich 1998; Mecklinger et al. 1997; Näätänen et al. 1982 Näätänen et al. , 1989 Rinne et al. 2006; Schröger and Wolff 1998; Yago et al. 2001) . Because the P2 enhancement was observed in similar conditions than auditory and visual P3a (Legrain et al. 2002 (Legrain et al. , 2003a (Legrain et al. ,b, 2005 , the laser-evoked P2 was concluded to reflect brain processes involved in involuntary attentional capture by nociceptive events (Legrain 2008) . If true, the study of such a component is highly relevant for pain research and allows us to study how nociceptive events involuntarily catch attention and disrupt cognitive processing to urgently process a potential source of danger (Legrain et al. 2009 ).
The main goal of this study was to provide joined evidence of attentional capture by nociceptive inputs for both behavioral and electrophysiological indexes. Our hypothesis was the following: if laser-evoked P2 reflects attentional capture, during a pain-unrelated task, occasional novel nociceptive stimuli should evoke larger P2 amplitude and induce more behavioral distraction than regularly repeated nociceptive stimuli. To test this hypothesis, we used an alternative version of the oddball paradigm specifically adapted to study the distraction effects of task-irrelevant new events on task-relevant information processing (Alho et al. 1997; Escera et al. 1998 Escera et al. , 2001 Escera et al. , 2003 Gumenyuk et al. 2004 Gumenyuk et al. , 2005 Polo et al. 2003; San Miguel et al. 2008; Schröger 1996; Yago et al. 2001 Yago et al. , 2003 . In such a paradigm, stimuli from two different channels (e.g., different modalities) are presented in pairs. The first stimulus of each pair is taken from the channel that is not relevant for the task but contains the deviant/novel stimuli. The second stimulus is from the channel that is explicitly task-relevant but apparently independent of oddball manipulation. Such a paradigm permits study of how changes in the irrelevant channel influence processing of the relevant targets. The studies that used this paradigm showed that P3a-evoking novel stimuli also produced distraction in processing task-relevant information (Escera and Corral 2007) . A similar paradigm was used in this study by presenting task-irrelevant laser stimuli and task-relevant visual stimuli in pairs. To avoid confusing effect of stimulus intensity (Carmon et al. 1978) , spatial location-deviancy was used instead of intensity-deviancy.
The second aim of this study was to investigate the detrimental effects of shifting attention to nociceptive events on brain processing of goal-relevant non-nociceptive information. Recording event-related potentials to visual stimuli according to the kind of the preceding laser stimulus allowed us to describe the level at which the cortical visual processing was altered by shifting attention to nociceptive stimuli.
M E T H O D S

Participants
Ten right-handed subjects (mean age, 27 Ϯ 6 yr; 6 women) participated in the study after giving informed consent. They had no prior history of neurological, psychiatric, or chronic pain disorders and did not take psychotropic or analgesic medication.
Stimuli
Nociceptive radiant heat stimuli were delivered with a Nd:YAP laser (neodymium-doped yttrium aluminum perovskite; wavelength, 1.34 m; Stimul 1340 El.En.). Stimulus duration was 5 ms. The sensory threshold to laser pulses was estimated in each subject before the experimental session to obtain clear but bearable pinprick sensations and A␦-fiber related LEPs. Energy densities were set between 50 and 80 mJ/mm 2 (mean, 64 Ϯ 12 mJ/mm 2 ; 5-mm beam diameter) and were kept constant through the whole experiment. To minimize habituation, nociceptor sensitization, and skin overheating, the laser beam was slightly moved after each stimulus. Laser stimuli were delivered on the left hand. Visual stimuli were delivered on a 17-in monitor and consisted of symbols displayed vertically from one to four times. Symbols were gray Xs (RGB 178*178*178) shown against a black background and subtended 1.03°vertical angle and 1.55°horizontal angle (2 ϫ 3 cm at 110-cm distance).
Procedure
Subjects were comfortably seated on a chair. To avoid any environmental clue, the laser probe and the left hand were hidden from the subject's view by a shield, and background noise was diffused through earphones. The session started with 20 laser stimuli delivered alone with a random 6-to 10-s interstimulus interval (ISI) without any task. EEG responses were averaged before experimental runs to ensure that laser stimuli at the settled intensity induced A␦-related LEPs. Next, eight blocks of 36 trials were presented to the subjects. Each block lasted Ͻ3 min and was separated from the next by a 2-to 3-min break (break between 4th and 5th blocks was longer). Each trial started with a centrally presented 200-ms gaze-fixation cross. Next, the laser stimulus was delivered 1,000 ms after fixation cross offset. It was followed 400 ms later by the visual stimulus presented during 1,000 ms (Fig. 1A) . The next trial started 2,600 ms after visual stimulus offset, leading to a time interval of 5,000 ms between two consecutive laser stimuli. Such an interval is considered large enough to observe reproducible LEPs (Raij et al. 2003) . For manipulation of probability effects (standard vs. deviant), the left hand was divided into lateral and median areas delimited by the extension of the middle finger (that was considered a "no-stimulation zone"; Fig. 1B ). Standard frequent laser stimuli (30 per blocks, 83%) were randomly assigned in each block to either the lateral or the medial section with equal probability. The six remaining (17%) laser stimuli were randomly delivered on the other hand area (3 stimuli) and on the wrist (3 stimuli; location-deviant trials). Two different deviant locations were used to maximize the "novel" aspect of the deviant condition (because series with unique novel stimuli show more distractive effects than series with identical deviant stimuli; see Escera et al. 1998) . Deviant trials were always preceded by at least one standard trial and were never presented in the first and second positions within a block. A third condition was built up by selecting from the frequent standard trials those delivered immediately after a deviant trial. The rational behind this condition was to test whether a standard stimulus also produced more distraction when it followed a deviant one, i.e., when it is new also. The session ended with 20 laser stimulations in the same conditions as for the pre-experimental part to ensure that the last stimuli of the experimental session still induced pinprick sensation and A␦-related LEPs.
The subjects were instructed to pay attention to the visual stimuli and to count the number of Xs on each stimulus. They responded with their right hand by means of a four-key pad. They were asked to respond as accurately and as fast as possible during visual stimulus presentation (responses after visual stimulus offset were considered as omissions). Subjects were not informed about the standard versus deviant manipulation of the laser stimuli. Laser stimuli were presented to the subjects as "distracters" used to increase task difficulty. When a deviant location was noticed by the subjects, they were told that location was moved for each laser stimulus for safety reason. They were encouraged to disregard laser stimuli and to focus on the visual task.
Measures
Performance to the visual task was measured by reaction times to correct responses and percentages of omission and error. The EEG (SynAmps, NeuroScan) was recorded by 31 Ag-AgCl electrodes placed according to the extended 10 -20 International System (including mastoids, TP9 and TP10) and referenced to nose. Eye blinks were monitored by recording electrooculogram (EOG) by two electrodes attached to the right canthus and below the right eye. Impedance was kept Ͻ5 k⍀. EEG/EOG signals were amplified 30,000 times, on-line filtered with a 0.05-to 70-Hz band-pass and a 50-Hz notch filter, and digitized at 500 cps. They were epoched off-line with a Ϫ500-to 1,546-ms time window (1,024 points) time-locked to a laser stimulus trigger, corrected for DC shift, digitally filtered with a 0.1-to 30-Hz band-pass (12 dB/octave), and corrected for baseline (Ϫ500 to 0 ms; Scan 4.2, NeuroScan). After artifact rejection, epochs were averaged according to the laser stimulus type (frequent standard vs. deviant vs. new standard). Averaged EEG responses contained both LEPs and VEPs; laser stimulus onset corresponded to 0 ms and visual stimulus onset to 400 ms.
Analysis
Behavioral data (reaction times, omissions, and errors) were submitted to a one-way ANOVA for repeated measures according to laser stimulus type (deviant vs. new standard vs. frequent standard). LEP and VEP components were extracted and analyzed as follows. For LEPs, N1, N2, and P2 were analyzed. N2 was first identified at Cz as a negative component peaking between 150 and 250 ms after stimulus onset. To isolate N1 from N2, EEG averages were re-referenced to Fz (Kunde and Treede 1993) , and N1 was identified on temporal electrodes between 100 and 200 ms. A contralateral component (N1c) was identified on the right temporal electrodes and an ipsilateral one (N1i) on the left electrodes. P2 is generally identified as a large positive vertex component following N2.
However, as already noticed in previous studies (Legrain et al. 2002 (Legrain et al. , 2005 , the positivity tends to peak later over posterolateral electrodes (e.g., T4 and TP8) than over midline anterior sites (e.g., Fz; Fig. 2 ), suggesting two overlapping subcomponents with different latencies and scalp topographies (Bastuji et al. 2008) . We analyzed separately the early and the late parts of the positivity and labeled them, respectively, P2a and P2b. However, P2a and P2b did not appear as two single peaks in each subject and each scalp electrode. Therefore mean amplitudes in predefined time windows were privileged for analysis instead of peak amplitudes. To define each time window for each subject, the P2a time window was centered on the P2 peak latency at Fz and run from 30 ms before to 30 ms after this point. The P2b time window was centered on the P2 peak latency at T4 or TP8 (depending of the largest value), running from Ϫ30 to ϩ30 ms from this point. Mean amplitude within each specified time window was next measured from all electrodes. The choice of temporal electrodes was motivated by the fact that early P2a activity was nearly absent, allowing P2b to be better identified at these sites with less influence of earlier responses.
For topographic analyses, electrode sites were organized across five coronal lines (frontal, frontocentral, central, centroparietal, and parietal) and five sagittal lines (left lateral, left mediolateral, midline, right mediolateral, and right lateral; Fig. 3 ). This was intended to assess, respectively, the anterior/posterior balance (coronal variable) and the hemispheric lateralization (sagittal variable) of LEP topography (Escera et al. 1998 ). The number of electrodes used for analyses depended on each component. For N2, P2a, and P2b, 25 electrodes (5 coronal ϫ 5 sagittal lines) were used. For N1s, analyses were restricted to one hemisphere (right for N1c, left for N1i) and excluded frontal electrodes (each: 4 coronal ϫ 2
Subject 1
Subject 2 Examples of dissociation between P2a and P2b for laser-evoked potentials (LEPs) recorded during deviant trials in 2 subjects. In subject 1, the positivity is active during both time windows, but the early positive peak was isolated on frontal electrodes (F3 and Fz), and the 2nd later one on more lateral and posterior electrodes (TP8). For subject 2, whereas a single peak was also isolated at early latency on anterior electrodes (F3 and FCz), a double-peak waveform was identified at posterolateral site (CP4). sagittal). LEP values were submitted to a three-factor ANOVA for repeated measures with stimulus type (frequent standard, deviant, and new standard), coronal line, and sagittal line as factors. To compare topographies between P2a and P2b and assess differences across conditions, amplitudes were normalized by the vector length method (McCarthy and Wood 1985) .
1 These latter analyses involved the component (P2a vs. P2b) as a fourth factor.
For VEPs, P1 (70 -120 ms after visual stimulus onset), N1 (100 -200 ms), P2 (150 -250 ms), N2 (200 -300 ms), and P3 (250 -500 ms) were analyzed. Amplitudes were measured with reference to prelaser onset baseline and latencies from visual stimulus onset. However, because larger positive values were expected in LEPs induced by deviant laser stimuli (larger laser-evoked P2), a positive polarity shift was also expected for VEPs induced by visual stimuli that followed a deviant laser stimulus. Thus VEP amplitudes were not extracted from baseline-to-peak but from peak-to-peak values between two successive VEP components instead. At posterior sites, P1-N1 and N1-P2 amplitudes were extracted at T5, P3, O1, O2, P4, and T6; N1-P3 and N2-P3 2 were extracted at P3, Pz, and P4. At anterior sites, P2-N2 and N2-P3 were extracted at F3, Fz, and F4. VEP values were submitted to a two-factor ANOVA with laser stimulus type and electrode location as factors. When appropriate, Greenhouse-Geisser correction of degrees of freedom and contrast analyses were used. Significance level was set at P Ͻ 0.05.
R E S U L T S
Behavioral data
Laser stimulus type had a significant effect on reaction times to visual stimuli (F 2,18 ϭ 22.92, P ϭ 0.001; Fig. 4 ). Reaction times were longer when visual stimuli followed deviant laser stimuli than either frequent standard (F 1,9 ϭ 38.00, P ϭ 0.001) or new standard laser stimuli (F 1,9 ϭ 25.29, P ϭ 0.001), with no difference betwen the two latter conditions (F 1,9 ϭ 3.13, P ϭ 0.110). There was no effect on omission (F 2,18 ϭ 1.13, P ϭ 0.346) and error rates (F 2,18 ϭ 0.48, P ϭ 0.529).
LEPs
Electrophysiological waveforms and scalp mapping are shown at Fig. 5 . At least 82% of the trials were used for averaging (there was no difference between stimulus conditions: F 2,18 ϭ 0,79, P ϭ 0.466). LEPs are shown in Fig. 6 and their mean amplitudes in Fig. 7 . N1 and N2 peaked at ϳ150 and ϳ200 ms, respectively. The P2a window was found between ϳ260 and ϳ320 ms and the P2b window between ϳ340 and ϳ400 ms (SD was ϳ30 ms for each window). As seen in Fig. 5 , LEPs recorded in experimental sessions appeared exactly in the same time window than LEPs recorded during pre-and postexperimental sessions.
N1c and N1i amplitudes
Both N1c and N1i amplitudes were significantly affected by stimulus type (main effects: F 2,18 ϭ 9.16, P ϭ 0.002 and F 2,18 ϭ 13,66, P Ͻ 0.001, respectively). Amplitudes were larger in response to deviant than to frequent (F 1,9 ϭ 12.42, P ϭ 0.006 and F 1,9 ϭ 21.85, P ϭ 0.001, respectively) and new standard stimuli (F 1,9 ϭ 10.29, P ϭ 0.011 and F 1,9 ϭ 13.97, P ϭ 0.005, respectively). The two latter conditions were not different from each other (F 1,9 ϭ 1.68, P ϭ 0.227 and F 1,9 Ͻ0.01, P ϭ 0.949, respectively). Topographical analyses showed that N1i was mostly localized on lateral temporo-parietal electrodes (T3 and TP7; coronal: F 3,27 ϭ 13.79, P Ͻ 0.001; sagittal: F 1,9 ϭ 7.41, P ϭ 0.024). N1c was not different between right temporo-parietal (T4 and TP8) and centro-parietal (C4 and CP4) electrodes (coronal: F 3,27 ϭ 28.35, P Ͻ 0.001; sagittal: F 1,9 ϭ 2.77, P ϭ 0.130). Interactions did not show significant topographic change across stimulus conditions for the two components.
N2 amplitude
Stimulus type significantly affected N2 amplitudes (F 2,18 ϭ 7.04, P ϭ 0.006), which were larger for deviant than for frequent (F 1,9 ϭ 10.98, P ϭ 0.009) and new standard stimuli (F 1,9 ϭ 7.87, P ϭ 0.021), with no difference between the two latter conditions (F 1,9 ϭ 0.20, P ϭ 0.665). These effects were 1 This analysis is intended to circumvent the fundamental incompatibility between the additive ANOVA model and the multiplicative effect on evoked potential voltages produced by changes in source strength. This incompatibility leads to misunderstanding of statistical interactions between experimental conditions and scalp distribution and ambiguous interpretations of such interactions in terms of changes in sources strength versus in sources configurations. The method proposed by McCarthy and Wood normalizes the effects of the stimulus condition and disambiguate interpretations related to configuration changes. For each condition, amplitudes at each electrode were divided by the square root of the sum of the squared mean amplitudes.
2 In most subjects, visual N2 was difficult to identify at parietal electrodes and appeared as a small anchor between N1 and P3. Then, N1-P3 was added in analyses because N1 was a more stable component than N2 at posterior sites to compute the amplitude difference between P3 and a preceding negativity. limited to frontocentral and central electrodes and also Fz and CPz (type ϫ coronal ϫ sagittal: F 3,31 ϭ 4.64, P ϭ 0.006; contrasts: P Ͻ 0.05). According to topographic analyses (coronal: F 2,14 ϭ 15.52, P Ͻ 0.001; sagittal: F 2,14 ϭ 6.74, P ϭ 0.013; coronal ϫ sagittal: F 3,29 ϭ 19.58, P Ͻ 0.001), N2 amplitudes were largest over FCz and Cz electrodes for all stimulus types (all P Յ 0.048).
P2a and P2b amplitudes
Stimulus type showed significant main effect on P2a amplitudes (F 2,18 ϭ 6.73, P ϭ 0.007) and interacted with topographic factors (F 3,28 ϭ 3.52, P ϭ 0.026). Deviant stimuli elicited larger P2a amplitudes than the two standard stimulus types. Whereas significant differences to frequent standard were more diffuse on the scalp (contrasts: P Յ 0.032, excepted left lateral sites), those to new standard were restricted to midline electrodes (contrasts: P Յ 0.022). New standard stimuli elicited larger P2a amplitudes than frequent standard but over midline only (contrasts: P Յ 0.048). P2b amplitudes were also significantly affected by stimulus type (F 2,18 ϭ 10.52, P ϭ 0.001). The interaction with topographic factors (F 4,38 ϭ 2.56, P ϭ 0.050) indicated larger amplitudes for deviant than for frequent standard stimuli at all sites (contrasts: P Յ 0.010) and than new standard stimuli over midline and medio-lateral lines (con- FIG. 5. Grand-averaged laser and visualevoked potentials (VEPs). A: LEPs and consecutive VEPs recorded in the 3 experimental conditions, frequent standard (green), deviant (red), and new standard (blue), are superimposed to LEPs recorded in pre-and postexperimental sessions (black, "control"). Note that LEPs recorded to experimental stimuli appeared in the same time windows as the large negative-positive LEP complex recorded during pre-and postexperimental sessions. VEPs are only seen in the experimental conditions. B: scalp topographical mapping of LEPs and VEPs according to the 3 conditions. LEP components are described by a l suffix and VEP components by a v suffix. Note that map picture during laser-N1 was taken on nose-referenced EEG. Scale maximum/minimum values were adjusted for each component in each condition at ϩ1 unit from the absolute value of the peak amplitude. Positive polarity tends to red; negative polarity to blue. Latencies are noticed according to laser stimulus onset (latencies according to visual stimulus onset are in brackets).
trasts: Յ0.050). P2b was not different between frequent and new standard conditions (F 1,2 ϭ 3.83, P ϭ 0.082).
P2a and P2b topography
To emphasize the main topographic differences between P2a and P2b, the lateral sagittal lines were excluded from analyses on normalized amplitudes, because amplitudes were importantly reduced on these electrodes relatively to all others (P2a: P Յ 0.002; P2b: P Յ 0.037). The triple interaction between the component and the topographic factors was significant (F 3,23 ϭ 21.68, P Ͻ 0.001), suggesting different scalp topographies between P2a and P2b (Figs. 5B and 7) . Concerning P2a, amplitudes were larger over FCz and Cz (coronal: F 1,13 ϭ 4.01, P ϭ 0.044; sagittal: F 1,11 ϭ 11.83, P ϭ 0.004; all contrasts: P Յ 0.042). This topographic pattern did not change across stimulus type conditions (all interactions with stimulus type: P Ն 0.070). There was no difference between left and right hemisphere (P ϭ 0.207). For P2b, the topographic factors interacted together (F 2,20 ϭ 10.19, P ϭ 0.001) and with stimulus type (F 3,25 ϭ 3.43, P ϭ 0.035). Unlike P2a, P2b was not maximal at the vertex but more diffuse. Indeed, the data suggest a spread of activity to posterior and lateral frontal sites during P2b. P2b amplitude was even smaller on FCz than on CPz for frequent and new standard stimuli (P Յ 0.022). Despite a trend for all conditions, a right hemisphere lateralization appeared significantly on anterior sites for deviant stimuli (P Յ 0.041) for which the largest amplitude was recorded on FC4 (P Յ 0.041).
LEP latencies
Stimulus type slightly affected N1i latencies (F 1,11 ϭ 5.11, P ϭ 0.040) but not N1c latencies (F 1,10 ϭ 4.26, P ϭ 0.063). N1i latencies seemed shorter for frequent standard than for deviant (F 1,9 ϭ 5.62, P ϭ 0.042). For N2, latencies were shorter for frequent standard stimuli at centroparietal and parietal areas (stimulus type ϫ coronal interaction: F 2,23 ϭ 9.07, P ϭ 0.001; contrasts: P Յ 0.013).
VEPs
Waveforms and scalp mapping are shown in Fig. 5 . Figure 8A shows VEPs starting from visual onset. The VEP components were observed at ϳ100 (P1), ϳ150 (N1), ϳ210 (P2), ϳ260 (N2), and ϳ360 (P3) ms. At posterior areas, laser stimulus type did not influence P1-N1 (F 1,11 ϭ 2.79, P ϭ 0.118), N1-P2 (F 2,16 ϭ 0.71, P ϭ 0.494), and N2-P3 (F 2,18 ϭ 1.37, P ϭ 0.279) peak-to-peak amplitudes. Only N1-P3 was significantly smaller after laser deviant than frequent (F 1,9 ϭ 5.40, P ϭ 0.045) and new standard stimuli (F 1,9 ϭ 4.56, P ϭ 0.050; main effect: F 2,18 ϭ 4.12, P ϭ 0.034; Fig. 8B ). On frontal areas, whereas P2-N2 was not affected by laser stimulus type (F 2,18 ϭ 1,05, P ϭ 0.371), N2-P3 was reduced in the deviant trials (main effect: F 2,18 ϭ 12.20, P Ͻ 0.001; comparison to frequent standard: F 1,9 ϭ 11.49, P ϭ 0.008; comparison to new standard: F 1,9 ϭ 21.17, P ϭ 0.001; Fig. 7B ). None of the interactions with electrode sites were significant (all P Ն 0.240). None of the VEP latencies were influenced by laser stimulus type (all P Ն 0.091).
D I S C U S S I O N
In this study, we used a task during which participants had to monitor between visual task-relevant stimuli and nociceptive irrelevant stimuli, and we showed that this monitoring was influenced by occasional changes occurring in the nociceptive stimulus series. Rare location-deviant nociceptive stimuli increased LEP amplitudes relatively to standard stimuli. Simultaneously, the amplitude of brain potentials to task-relevant visual stimuli that immediately followed deviant nociceptive stimuli was decreased and the reaction times were retarded. The behavioral and the electrophysiological effects on visual processing strongly suggest that LEP modifications induced by occasional and unexpected stimuli reflect brain processes underlying novelty processing and attentional orienting (Legrain 2008) . LEP modifications by deviant nociceptive stimuli were observed for P2 but also for N1 and N2. Similar results were observed when the deviant stimulus condition was compared with either frequent standard or new standard conditions. The latter comparison suggests that the effects did not result from a difference in the amount of epoch used for averaging (as it was equivalent between deviant and new standard) or from neural refractoriness for standard responses (as the time delay between a new standard stimulus and the previous standard one was 10 s, a delay considered as large enough for full recovery of LEP amplitudes; Raij et al. 2003) .
Behavioral and electrophysiological evidence for nociceptive attentional capture
Because the laser P2 amplitude enhancement was observed in similar conditions than P3a evoked by deviant/novel auditory and visual stimuli (Escera et al. 1998; Katayama and Polich 1998; Squires et al. 1975; Woods 1992) , the laser-evoked P2 was suggested to share with P3a common brain mechanisms involved in orienting attention to new salient events (Legrain et al. 2002 (Legrain et al. , 2003a (Legrain et al. ,b, 2005 . The more striking argument to link laser-evoked P2 to involuntary orienting of attention is behavioral distraction (Escera and Corral 2007; Kahneman 1973; Legrain et al. 2005; Ruz and Lupiáñez 2002; Simons 2000; Theeuwes 1994; Yantis and Hillstrom 1994; Yantis and Jonides 1990) . Behavioral distraction produced by occasional nociceptive stimuli was already observed in previous studies (Bingel et al. 2007; Crombez et al. 1994 Crombez et al. , 1996 Crombez et al. , 1997 Lorenz and Bromm 1997; Vancleef and Peters 2006b) . Others studies did not replicate the nociceptive distractive effects because tonic painful stimulations were continuously present and highly expected during task performance (Buffington et al. 2005; Seminowicz and Davis 2007a; Veldhuijzen et al. 2006) . Therefore the nociceptive disruptive effects may have been cancelled out by habituation (Crombez et al. 1997; Friedman et al. 2001; Vancleef and Peeters 2006a) . Crombez et al. (1994, 1996, 1997) pointed out that some features of the painful stimulation such as its novelty, instead of the stimulation itself, are critical factors for disruptive effects. Here we showed that rare unpredicted novel nociceptive stimuli induced behavioral distraction as compared with more frequent and standard stimuli matched according to laser intensity. Compared with previous behavioral (Crombez et al. 1994 ) and neurophysiological studies (Legrain et al. 2002) , this study adds new findings by directly showing that nociceptive novelty influenced both nociceptive neural responses and behavioral performance. This suggests that changes in LEP amplitudes do index orienting attention to nociceptive stimuli (Legrain 2008) , as similarly showed in other sensory modalities (Escera and Corral 2007) .
Nociceptive novelty effect on VEPs
This study permitted us to investigate the electrophysiological effects of orienting attention to nociceptive events on the cortical processing of task-relevant visual targets. We observed that deviant stimuli significantly decreased amplitudes of late VEPs elicited by the consecutive visual targets, whereas early VEPs were not affected. The decreases of VEP amplitudes were found on peak-to-peak amplitude differences between N2 and P3 on frontal areas and between N1 and P3 on parietal areas. Because P1-N1 and N1-P2 did not change between laser stimulus conditions, N1-P3 amplitude modulation at posterior sites seems to be caused by P3 amplitude decrease. Although results can be limited because of overlap with LEPs, the fact that earlier VEP components were not affected by deviant laser stimulus suggests that sensory-perceptual processing of visual A: VEPs are shown according to visual stimulus onset (axes intersection) and relatively to the laser stimulus condition (frequent standard, thin black; deviant, thick black; new standard, thick gray). For illustration, baseline was corrected according to the 100-ms period preceding visual onset. B: graphical illustration of peak-to-peak N2-P3 mean amplitude at Fz (left) and peak-to-peak N1-P3 mean amplitude at Pz (right). Both differences are smaller when visual stimuli were delivered after a deviant laser stimulus (black boxes) than when they followed frequent (white boxes) or new (dashed boxes) standard laser stimuli.
targets was not altered in these experiment settings. Instead, visual processing was impaired at later latency, during N2 and mostly P3, which reflects changes at the level of higher-order cognitive processing. However, this does not exclude that, under other circumstances, earlier modulation might be found. Although the results from past studies having used a similar pradigm in the other modalities are inconsistent (Alho et al. 1997; Escera et al. 1998; Schröger 1996) , our results are highly consistent with studies that explored distraction effect from pain with different paradigms. Indeed other authors have also observed decreased P3 amplitude to auditory or visual targets when they are presented with nociceptive stimuli (Lorenz and Bromm 1997; Rosenfeld and Kim 1991; Rosenfeld et al. 1993; Veldhuijzen et al. 2006 ). This suggests that task-irrelevant nociceptive stimulus and task-relevant visual target were competing for attentional resources at the cognitive processing level (Seminowicz and Davis 2007b) . When attention is unintentionally captured by salient and novel stimuli, attentional resources are less available to adequately process the visual targets.
Bingel et al. (2007) showed with functional MRI (fMRI) that visual processing in occipital areas was modified by pain. This result apparently diverges with ours that showed unaffected early sensory visual processing generated in occipital areas. First, the occipital metabolic responses of Bingel et al. (2007) may not index the earliest steps of visual processing. Second, our visual stimuli were explicitly task-relevant and requested priority processing, whereas the visual stimuli of Bingel et al. (2007) were completely irrelevant and low prioritized for primary goals. Because it received more attention, task-relevant and high-priority visual sensory processing was more preserved from interference from nociceptive distracters at an early level than task-irrelevant and low-priority visual processing (de Fockert et al. 2001; Handy et al. 2001; Lavie 2005; Rees et al. 1997) . The level of visual processing being affected by the attentional capture by nociceptive distracters depends on the relevance of the visual stimulus according to the current task and on the attentional load requested by the task (Legrain et al. 2005) . The more attention is paid to the relevant stimuli, the more they are preserved from distraction from pain (Legrain et al. 2009 ).
Two laser-evoked P2 subcomponents
These experiments dissociated two P2 subcomponents, P2a and P2b, with statistically different scalp topographies. P2a topography was restricted to frontocentral midline electrodes, whereas P2b topography spread to lateral frontal and posterior sites (see Fig. 4B ). Both P2a and P2b were larger in response to deviant stimuli relatively to all standard stimuli. Similarly, the auditory P3a was also divided into different subcomponents (Escera et al. 1998) , with distinct scalp topographies (Gumenyuk et al. 2004 (Gumenyuk et al. , 2005 Yago et al. 2003) and different modulations (San Miguel et al. 2008) . The early frontocentral P3a response was proposed to reflect the initial step in orienting attention when the detection of a new event is made according to memory template of the environmental context, and the late P3a response, with a more diffuse scalp distribution, was proposed to reflect the actual shift of attention to it (Escera et al. 1998; San Miguel et al. 2008; Yago et al. 2003) . It might be suggested that some laser-evoked P2 subcomponents reflect similar processes, from the detection of a novel nociceptive event that breaks subject's contextual template, to the actual orientation of attention to it. Note that the analogy with the auditory P3a subcomponents does not exclude that the laser-evoked P2 response involves other activities.
3 However, our data suggest that several generators of the laser P2 are involved in novelty processing (Legrain 2008; Legrain et al. 2002) .
The midcingulate cortex (MCC) is one of the major generators of LEPs (García-Larrea et al. 2003) . Latency of MMC responses, as observed with intracortical electrodes , is compatible with the time window of our P2a. MCC is assumed to play a key role in detecting novelty and orienting attention (Berns et al. 1997; Clark et al. 2000; Downar et al. 2000) . Additionally to the MCC, other regions contribute to P3a generation like the temporoparietal junction, the dorsolateral prefrontal cortex, and posterior parietal areas . The spreading of electrical brain activities to posterior and to right frontal sites during the laser P2b could be in accordance with activations of parietal and right prefrontal areas involved in orienting and controlling the focus of attention (Corbetta and Shulman 2002) . Contribution of these areas to LEPs has sometimes been suggested but never replicated (Bentley et al. 2001; Perchet et al. 2008 ). Maybe they contribute to late-latency P2 activities.
Nociceptive novelty effect on laser-evoked N1 and N2
An additional new finding is the amplitude enhancement by deviant laser stimuli for N1 and N2 LEP components. This was not described in our previous studies (Legrain et al. 2002 (Legrain et al. , 2003a , except one that showed larger N2 (Legrain et al. 2005) . This study used location-deviancy, whereas the previous ones used intensity-deviancy. Location-deviant stimuli activated new fresh neural receivers that were not activated by previous standard stimuli (delivered elsewhere); intensity-deviant stimuli stimulated the same neural receivers as the standard stimuli did but with an energy increment. Locationdeviant stimuli seem to be more novel that intensity-deviant stimuli in increasing N1/N2 amplitudes.
The novelty effect on N1/N2 could be compatible with involvement of preattentional transient-detector and changedetector systems. Transient-detector systems detect a new energy supply based on activation of new fresh neural receiver units when a stimulus is presented for the first time or after a long break or when it is new according to background (Nää-tänen and Picton 1987) . Change-detector systems are involved in detecting any change that violates regularities in a stimulation sequence encoded in a local sensory template (Näätänen et al. 2007 ). Transient-detectors are based on energy level variation, and change-detectors depend on contextual difference (Picton et al. 2000) . Both systems provide signals to the orienting system to shift attention to new and deviant events (Escera and Corral 2007) . Possibly, similar systems are reflected in nociception by LEP generators (García-Larrea 2004) . Accordingly, recorded large N1 and N2 amplitudes when the laser stimulus was new and reduced amplitudes when the stimulus was immediately repeated. Similarly, long-lasting recovery cycles were described for early laser-evoked responses, giving the stronger neural response to stimuli that are repeated with the larger ISI (Raij et al. 2003) . Generators of the laser-evoked N1 and N2, such as bilateral operculo-insular cortices (García-Larrea et al. 2003) , seem to be also involved in novelty processing of nociceptive events (Downar et al. 2003) .
LEPs as an index of a salience-detector system
Although intensity of the nociceptive stimuli contributes to LEP amplitude, the underlying brain areas are sensitive to others factors such as absolute novelty (i.e., when the stimulus is delivered in first position in repeated series) , contextual novelty (i.e., when 1 or more stimulus features are deviant relative to background) (Legrain et al. 2002 (Legrain et al. , 2003a , the importance of the deviancy (Legrain et al. 2003b) , the stimulus unpredictability , and the relevance according to ongoing cognitive/ behavioral goals (Legrain et al. 2002) . All these factors contribute to increased stimulus salience. This study proposed that LEP components index brain activities involved in the detection of salient stimuli and in the disruption of attention from its current focus, as shown by decreased late-latency VEP amplitude and slowed reaction times in the visual task. It is accepted that LEPs do not merely index the coding of stimulus intensity for pain perception (Carmon et al. 1976) . They also reflect the activity of a system involved in salience processing to focus attention on behaviorally relevant stimuli (Legrain et al. 2002 (Legrain et al. , 2009 ). This system may be similarly triggered by nociceptive and non-nociceptive stimuli (Mouraux and Iannetti 2009) and depends on the context in which they are delivered (Legrain et al. 2009 ). Nociceptive stimuli are intense stimuli. In natural conditions, they are often potentially damaging, felt as unpleasant, nad accompanied with threatening thinking and negative emotion, and they signal a behaviorally relevant context (e.g., immediate danger). Additionally, nociceptive stimuli are often novel, a feature that was directly assessed by this experiment. All these factors specifically contribute to capture attention and to prioritize processing, independently of the painful nature.
Conclusion
This study showed evidence that the combination of behavioral and neurophysiological measurements in appropriate designs contributes not only to describe what is pain, but more importantly what is its basic function for animal organisms such as to orient attention and to prioritize reaction to potentially dangerous events. From a clinical point of view, such an issue should also help to understand hypervigilance to pain and cognitive deficits reported by chronic pain patients (Crombez et al. 2005; Legrain et al. 2009 ). 
